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A second  thermal  energy  unit  for  the  High  Capacity  (Hi-Cap)  Vuilleumier  Cryogenic 
Cooler  was  built  and  tested.  Incorporated  into  this  unit  were  several  design 
improvements  consisting  of  the  addition  of  a conduction  heat  transfer  barrier 
between  the  radiation  heat  shield  insulation  and  the  mounting  flange,  modification 
of  the  O-ring  seal  of  the  insulation  container,  moving  the  hot  cylinder-mounting 
flange  interface,  and  changing  the  instrumentation.  All  design  changes  proved  to  be 
beneficial.  The  thermal  losses  that  can  be  attributed  to  heat  transfer  through  the 
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insulation  were  lowered  by  about  8W  from  those  of  the  first  Hi-Cap  TES  unit. 
The  inclusion  of  the  terminal  ring  into  the  flange  and  separating  the  flange  from 
the  hot  cylinder  resulted  in  a substantial  cost  saving  in  material  and  machining  of 
the  components.  The  three,  1/16-inch  diameter  Inconel  sheathed  K calibration 
thermocouples  performed  consistently  during  the  entire  test  period. 

The  prime  concern  has  been  the  discharge  characteristic  of  the  TES  unit.  Test 
data  evaluation  has  indicated  that  the  charging  characteristic  of  the  TES  imit 
should  be  further  investigated  to  obtain  necessary  information  which  will  be 
required  for  the  integration  of  the  TES  unit  with  the  cryogenic  cooler. 
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The  information  presented  in  this  repor*  y'‘*f^^rated  during  the  performance 
of  the  Thermal  Energy  Storage  Demo»  * » Unit  contract,  Air  Force  Contract 

No.  F33615-75-C-2045.  The  work  was  ca.  ried  out  in  the  Electro-Optical  Systems 
Division  of  the  Xerox  Corporation  (XEOS),  Pasadena,  California. 


Robert  Richter  was  the  principal  investigator  of  the  program.  Individual 
contributors  were  members  of  the  XEOS  Division. 


This  is  an  (addendurri,  to  final  report  AFAPL-TR-77-65,  "THERMAL  ENERGY 
STORAGE  ^DEMONSTRATION  UNIT  FOR  VUILLEUMIER  COOLER."  The 
technical  results  which  were  presented  in  the  final  report  are  frequently  referred 
to  as  they  furnished  the  background  material  for  the  redesign  and  testing 
procedures  which  were  undertaken  during  this  phase  of  the  program. 


The  program  was  sponsored  by  SAMSO/SZ  under  Project  21260310,  "Thermal 
Energy  Strorage  Demonstration  Program,"  with  Mr.  T.  Mahefkey  of  the  Air 
Force  Aero  Propulsion  Laboratory  (AFAPL/POE-2)  acting  as  technical  monitor. 
The  work  was  performed  during  the  period  1 February  1978  to  31  July  1978  with 
the  draft  of  this  addendum  submitted  in  August  1978. 
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During  the  second  phase  of  a two-phase  program,  a single  thermal  energy  storage 
(TES)  unit,  including  the  hot  cylinder  for  the  High  Capacity  Cryogenic 
Vuilleumier  Cooler,  was  designed,  f2d>ricated,  and  performemce  tested.  This  TES 
unit  was  to  be  a direct  replacement  for  the  electrically  heated  hot  cylinder  of 
the  Hi-Cap  cooler.  The  TES  unit  was  to  supply  the  Vuilleumier  cryogenic  cooler 
for  18  minutes  with  650W  of  thermal  power  at  a nominal  operating  temperature 
of  1250°F.  The  goal  was  to  limit,  at  the  nominal  operating  temperature,  the 
thermal  losses  from  the  thermal  energy  storage  unit  through  the  insulation  to 
less  than  5 percent  of  the  design  output  power.  Furthermore,  the  stored  energy 
was  to  be  released  over  a limited  temperature  range  that  would  permit  the  hot 
cylinder  of  tiie  Vuilleumier  cooler  to  operate  at  a temperature  of  1250  +25°F. 
Based  on  the  stated  goals,  the  thermal  energy  storage  unit  had  to  be  designed  for 
a thermal  energy  storage  capacity  of  7.371  x 10^  3 to  be  releaised  over  a 50°F 
temperature  range. 

The  performance  test  results  of  the  first  Hi-Cap  TES  unit  verified  that  the 
thermal  energy  storage  unit  was  supplying  the  specified  power  over  a temperaure 
range  of  1279°F  to  1227°F.  The  total  losses  were  determined  to  be  154W  at  the 
nominal  operating  temperature  of  1250°F.  Of  these  losses,  a total  of  113.^iW 
could  be  attributed  to  conduction  through  the  hot  cylinder  wall  to  the  crankcase 
of  the  Vuilleumier  cooler.  The  remaining  40.6W  had  to  be  considered  losses  from 
the  TES  unit  through  the  insulation.  Thus,  the  insulation  losses  were  about  8.1W 
or  25  percent  above  the  specified  goal  of  32.5W. 

After  the  successful  delivery  of  the  first  Hi-Cap  thermal  energy  storage  unit  the 
production  of  a second  TES  unit  was  initiated,  so  that  a High  Capacity 
Vuilleumier  Cryogenic  Cooler  could  be  tested  with  both  its  how  cylinders 
operating  under  the  same  power  input  conditions.  The  goal  of  the  additional 


effort,  however,  was  not  only  to  produce  an  identical  Hi-Cap  TES  unit,  but  also 
to  incorporate  some  desirable  modifications  that  became  evident  during  the 
fabrication  and  testing  of  the  first  TES  unit. 

During  the  assembly  of  the  first  TES  unit  a modification  had  to  be  made  to  the 
insulation  container  as  described  in  the  final  report  (AFAPL-TR-77-65).  This  fix 
resulted  in  an  unsatisfactory  though  workable  O-ring  seal  design.  The  insulation 
container  of  the  second  Hi-Cap  TES  unit  has  been  redesigned  with  an  O-ring  seal 
that  permits  the  closing  of  the  container  without  requiring  special  precautions 
against  damaging  the  O-rlng. 

The  analysis  of  the  thermal  losses  in  the  first  TES  unit  indicated  that  heat  was 
conducted  into  the  mounting  flange  along  the  radiation  heat  shield.  The  thermal 
insulation  of  the  second  Hi-Cap  TES  unit  was  modified  to  include  a conduction 
barrier  between  the  radiation  heat  shield  and  the  mounting  flange.  The  tests 
performed  on  the  second  TES  unit  seem  to  indicate  that  the  total  thermal  losses 
at  the  nominal  operating  temperature  of  1250°F  are  146W  for  the  unit.  These 
losses  are  8W  below  the  losses  of  the  first  Hi-Cap  TES.  It  appears  that  the  goal 
of  only  5 percent  thermal  losses  through  the  insulation  has  been  achieved  by  the 
modification  of  the  insulation  design. 

A change  in  the  hot  cylinder  design  was  undertaken  which  was  dictated  by  the 
high  cost  of  machining  the  hot  cylinder  and  the  terminal  ring  and  by  the  limited 
availability  of  special  material  which  became  apparent  when  purchasing  was 
initiated.  This  design  change  had  not  been  anticipated  at  the  outset  of  this  task. 

Some  changes  were  made  in  the  fabrication  process  of  the  Hi-Cap  TES  unit  to 
make  the  casting  of  the  TES  material  more  predictable  and  the  burping  of  the 
heat  pipe  more  controllable. 

The  test  results  have  indicated  that  the  second  Hi-Cap  TES  unit  performs  almost 
identically  to  the  first  unit,  and  that  the  structural  modifications  have  had  no 
detrimental  effect  on  the  performance  of  the  TES  unit. 
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SECTION  II 


DESIGN  MODIFICATION?  OF  THERMAL  ENERGY  STORAGE  UNIT 
FOR  HIGH  CAPACITY  VUILLEUMIER  CRYOGENIC  COOLER 


During  the  fabrication  and  testing  of  the  firsi  Hi-Cap  TES  unit  which  is 
presented  in  report  AFAPL-TR-77-65,  several  modifications  in  the  design  of  the 
unit  appeared  to  be  desirable.  Thesr  design  changes  were  aimed  at  improving 
the  assembly  of  the  unit,  lowering  the  manufacturing  cost  of  the  components, 
lowering  the  thermal  losses,  and  improving  the  instrumentation  and  control. 

2.1  HOT  CYLINDER  AND  FLANGE  WITH  TERMINATION  RING 


The  first  Hi-Cap  TES  unit  was  designed  around  a hot  cylinder,  heater 
termination  ring,  and  insulation  container  whose  designs  were  taken  over  from 
the  Hughes  Aerospace  Corporation.  During  the  design  of  the  first  Hi-Cap  TES 
unit,  only  two  basic  changes  in  the  design  of  the  hot  cylinder  were  deemed 
necessary,  one  for  maintaining  stress  levels  which  were  considered  safe  and  the 
other  to  insure  vacuum  tight  sealing  of  the  radiation  heat  shield  insulation. 
The  plate  thickness  of  the  hot  cylinder  was  increased  to  a nominal  0.250  inch 
and  the  5/ 16-inch  bolt  holes  were  made  to  end  blind  in  the  flange  as  shown  in 
Figure  1. 

When  the  hot  cylinder  was  placed  for  machining,  only  a single  vendor  was 
willing  to  machine  the  relatively  large  Inconel  forging  which  had  a diameter  of 
8-1/2  inches  and  weighed  150  pounds.  Furthermore,  only  one  source  was  able  to 
supply  the  forging  from  stock  at  that  time.  Based  on  these  experiences  in  the 
limited  availability  of  material  and  scarcity  of  machining  capedaility,  a design 
change  in  the  hot  cylinder  was  indicated.  In  this  original  design,  the  heater 
termination  ring  required  a 9-inch  diameter  1-inch-thick  Inconel  plate  for 
machining  from  which  about  7-1/2  inches  of  material  had  to  be  removed  from 
the  center  as  shown  in  Figure  2.  During  the  evaluation  of  the  requirements  for 
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the  hot  cylinder  with  the  technical  people  of  Hughes  Aircraft  Corporation,  it  j 

was  confirmed  that  high  strength  material  is  only  required  in  the  area  where  J 

highly  stressed  material  has  to  be  relatively  thin  for  accommodating  heat 
transfer  at  a high  temperature.  The  flange  and  the  heater  termination  ring  are 
operating  near  room  temperature  cind  are  not  subject  to  any  high  stresses.  It 
was  therefore  advantageous  to  decrease  the  size  of  the  relatively  expensive  and 
difficult-to-machine  material  for  the  hot  cylinder.  A design  was  proposed  that 
combined  the  hot  cylinder  flange  with  the  heater  termination  ring  in  a single 
flange  which  can  be  machined  from  a standard  material,  304  stainless  steel. 

With  this  change,  the  hot  cylinder  can  be  machined  from  a 5-1 /2-inch-diameter 
Inconel  718  forging  which  weighs  only  48  pounds.  For  achieving  dimensional 
stability  and  a safe  structure,  the  flange  and  the  hot  cylinder  was  to  be  joined 
by  six  dowel  pins  0.250  inch  in  diameter  and  by  brazing  with  Nioro  (82%Au  - 
18%Ni).  The  brazing  alloy  has  an  excellent  flow  at  a melting  point  of  950°C  at 
which  the  oxides  on  the  stainless  steel  and  the  Inconel  are  entirely  reduced  by 
the  reducing  atmosphere.  Plating  of  the  stainless  steel  with  nickel  prior  to 
brazing  is  therefore  unnecessary. 

The  stress  analysis  indicated  that  the  brazing  joint  as  designed  would  be  strong 
enough  by  itself  to  withstand  the  shear  stress  due  to  the  internal  pressure  in  the 
hot  cylinder.  The  six  dowel  pins  were  included  in  the  design  to  ensure  the 
relative  position  of  the  two  components  during  the  brazing  process  and  thus 
maintain  dimensional  stability  of  the  final  component.  The  final  design  of  the 
hot  cylinder  and  the  flcinge  are  presented  in  Figures  3 and  4. 

During  the  final  assembly  of  the  first  Hi-Cap  TES  unit,  the  lid  of  the  insulation 
) container  was  redesigned  to  permit  the  removal  of  the  upper  ring  from  the 

insulation  container.  This  ring,  to  which  the  lid  was  fastened  with  24  screws, 
protruded  into  the  container  beyond  the  radiation  heat  shield  which  insulated 
* the  hot  cylinder.  This  made  it  impossible  to  reach  the  24  screws  that  fasten  the 

insulation  container  to  the  hot  cylinder  flange  after  the  insulation  was  installed 
though  the  insulation  could  not  be  applied  with  the  container  in  place.  The 
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initial  modification  as  shown  in  Figures  3 and  6 aimed  at  saving  the  already 
machined  insulation  container.  The  O-ring  groove  was  therefore  machined  into 
the  new  lid.  In  this  configuration,  the  O-ring  had  to  slide  over  the  bolt  holes  in 
the  container  which  had  to  be  covered  by  shims  during  the  closing  of  the 
container  to  prevent  shedding  of  the  O-ring.  The  container  design  has  been 
revised  to  eliminate  this  difficulty  with  the  O-ring  by  designing  the  O-ring 
groove  into  the  container  as  shown  in  Figures  7 and  8. 

2.3  INSULATION 

After  establishing  the  thermal  losses  for  the  first  Hi-Cap  TES  unit,  it  appeared 
that  conduction  occurs  along  the  radiation  heat  shield  into  the  flange  of  the  hot 
cylinder.  An  analysis  indicated  that  this  could  be  avoided  by  placing  a 
conduction  barrier  consisting  of  Flexible  Min-K  insulation  between  the 
radiation  heat  shield  and  the  flange.  The  insulation  design  of  the  second  Hi- 
Cap  TES  unit  is  shown  in  Figure  9,  which  varies  solely  from  the  insulation  of  the 
first  Hi-Cap  TES  unit  by  the  1-inch  thick  ring  of  Flexible  Min-K  material  that 
separates  the  radiation  shield  from  the  flange. 

2A  THERMAL  ENERGY  STORAGE  UNIT 


No  changes  were  made  in  the  design  of  the  thermal  energy  storage  unit  itself. 
If  more  data  on  the  behavior  of  the  thermal  energy  storage  material  would  have 
become  available,  a decrease  in  the  volume  of  the  thermal  energy  storage 
material  container  would  have  been  undertaken.  In  the  present  design  the 
thermal  energy  storage  volume  is  oversized  by  5 percent  to  ensure  free 
expansion  of  the  melting  material  and  thus  prevent  possible  rupture  of  the 
container.  The  larger  volume,  however,  is  detrimental  to  the  heat  transfer  and 
causes  the  temperature  range  over  which  the  stored  latent  heat  is  extracted  to 
be  larger  than  necessary. 
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Figure  5.  Container  - Insulation  - Hl-Cap  Thermal  Energy  Storage  Unit 


Figure  6.  Cover  - Insulation  Container  - Hl-Cap  Thermal  Energy  Storage  Unit 


Figure  7.  Container  - Insulation  - Hl-Cap  Thermal  Energy  Storage  Unit 
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Figure  8.  Cover  - Insulation  Container  - Hi-Cap  Thermal  Energy  Storage  Unit 


i 


f 

i 

» 

! 

I 


1 

t 

j 


For  completeness  the  components  of  the  thermal  energy  storage  unit  are  shown 
in  Figures  10,  11,  and  12,  and  the  assembly  drawing  in  Figure  13. 

2.5  INSTRUMENTATION 


The  first  Hi-Cap  thermal  energy  storage  unit  was  intended  to  be  primarily 
instrumented  with  RTDs  for  measuring  two  tempjeratures  of  the  TES  unit.  One 
of  the  signals  was  to  be  used  for  temperature  control.  After  testing  several 
RTDs  over  the  temperature  range  of  the  TES  unit,  it  became  apparent  that  the 
operating  temperature  of  the  TES  unit  was  exceeding  the  allowable  temperature 
of  the  RTDs.  This  had  been  pointed  out  in  the  literature  and  by  the 
manufacturers  of  these  devices.  Only  one  of  the  RTDs  that  were  bought  from 
the  manufacturer  fully  assembled  had  survived  several  thermal  cycles.  It  was 
installed  in  the  first  Hi-Cap  TES  unit  with  one  1/8-inch  diameter  and  one  1/16- 
inch  diameter  Inconel  sheathed  K calibration  thermocouple.  The  single  RTD, 
however,  failed  after  the  first  thermal  cycle  of  the  TES  unit,  while  the 
thermocouples  indicated  temperatures  without  problem  over  the  entire 
operating  range. 

The  experience  with  the  instrumentation  of  the  first  Hi-Cap  TES  unit  indicated 
that  1/16-inch-diameter  Inconel  sheathed  K calibration  thermocouples  would 
constitute  the  most  appropriate  instrumentation.  The  three  thermocouples 
would  be  mounted  at  three  axially  different  locations.  Future  tests  and  systems 
considerations  would  later  determine  which  of  the  three  thermocouples  would 
be  used  for  the  temperature  control  of  the  unit  and  which  temperature  reading 
would  give  the  best  indication  of  the  charged/discharged  condition  of  the  TES 
unit. 
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Detail  Parts  - Hi-Cap  Thermal  Energy  Storage'  Unit 
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Detail  Parts  - Hi-Cap  Thermal  Energy  Storage  Unit 
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3.1  HOT  CYLINDER  AND  FLANGE  WITH  TERMINATION  RING 

The  hot  cylinder  was  machined  from  a 5-1/2-inch-diameter  Inconel  718  forging 
which  had  a weight  of  U8  pounds.  The  flange  with  the  termination  ring  was 
machined  from  a stainless  steel  304  plate.  The  two  components  were  joined 
first  with  six  1 /4-inch  dowel  pins  and  then  brazed  together  with  NIORO 
(82%Aul8%Ni).  The  finished  hot  cylinder  is  shown  in  Figures  14  and  15. 

3.2  CASTING  OF  THERMAL  ENERGY  STORAGE  MATERIAL 

A change  in  the  casting  process  of  the  thermal  energy  storage  material  was 
initiated  with  the  manufacturing  of  this  second  Hi-Cap  TES  unit.  During  the 
fabrication  of  the  Thermal  Energy  Storage  Demonstration  Unit  and  the  first  Hi- 
Cap  TES  unit,  the  three  fluoride  salts,  LiF,  MgF2  and  KF,  of  which  the  eutectic 
is  composed,  were  combined  in  the  eutectic  proportion  and  mixed  as  good  as 
possible.  The  mixture  was  then  poured  into  the  casting  fixture.  The  powder 
occupied  a total  volume  which  was  more  than  three  times  the  volume  of  the 
final  cast.  Because  absolute  uniformity  of  the  initial  salt  powder  could  not  be 
achieved  during  mixing,  often  the  material  would  not  drop  into  the  casting  form 
at  the  lower  part  of  the  casting  fixture.  After  the  first  melt,  the  material 
would  be  non-uniform  and  not  of  the  eutectic  consistency  and  the  casting 
incomplete.  The  cast  had  to  be  remelted  for  a second  and  often  for  a third 
time.  Though  there  was  a chance  of  accomplishing  the  casting  of  the  TES 
material  in  a single  melting  process  in  the  retort,  in  actual  experience  the 
material  had  to  be  melted  three  times  to  achieve  a complete  cast  of  uniform 
material. 
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Based  on  that  experience  the  process  of  casting  the  TES  material  was  modified. 
The  three  salts  were  measured  out  in  the  eutectic  proportions  with  a 10  percent 
excess  in  material  and  mixed.  The  mixture  was  molten  in  a casting  fixture  from 
which  the  inner  rings  and  the  center  plug  had  been  left  out  (Figure  30,  AFAPL- 
TR77-65).  The  material  was  heated  to  1350°F,  which  is  about  UO^F  above  the 
melting  point  of  the  euctectic,  in  a hydrogen  atmosphere  and  left  at  that 
temperature  for  1 hour.  The  heat  was  then  turned  off  and  the  material 
permitted  to  cool.  Because  no  material  could  be  retained  by  any  protrusions  in 
the  casting  fixture,  all  salt  compound  dissolved  into  each  other.  The  result  was 
a uniform  euctectic  mixture. 

The  casting  fixture  was  then  assembled  with  the  center  plug,  the  inner  tube  and 
the  center  tube.  The  TES  material  was  placed  into  the  casting  fixture  after 
breaking  it  into  smaller  pieces.  The  temperature  was  raised  to  1370°F  where  it 
was  held  for  1 hour.  The  temperature  was  then  lowered  to  1310°F  where  it 
remained  for  one  half  hour  prior  to  turning  off  the  heat. 

The  resuiting  cast  was  nearly  without  voids.  The  TES  materictl  pieces  fitted 
without  difficulty  into  the  thermal  energy  storage  unit  which  made  the  final 
assembly  of  the  TES  unit  very  easy. 

3.3  THERMAL  ENERGY  STORAGE  UNIT 

The  thermal  energy  storage  unit  was  cissembled  by  initially  electron  beam 
welding  its  components  together  into  three  subassemblies  as  shown  in  Figure  16. 
Wicking  was  then  applied  according  to  the  design  which  was  presented  in  Figure 
28  of  AFAPL-TR-77-65.  After  placing  the  thermal  energy  storage  material  into 
the  compartments  of  the  TES  unit,  the  remaining  electron  beam  welds  were 
completed  and  the  TES  unit  welded  to  the  hot  cylinder. 
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Welding  Schedule  for  Hl-Cap  Thermal  Energy  Storage  Unit 
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3.4  HEATERS  AND  THERMOCOUPLES 

The  eight  heater  elements  were  placed  and  attached  to  the  TES  unit  without 
modification  and  in  the  same  fashion  as  in  the  first  Hi-Cap  TES  unit.  The  three 
1/16-inch  diameter  Inconel  sheathed  K calibration  thermocouples  were  located 
along  the  thermal  energy  storage  unit  as  indicated  in  Figure  17  at  locations  #1, 
#2,  and  jSf3.  All  other  thermocouples  shown  in  Figure  17  were  temporarily 
attached  to  the  TES  unit  for  use  during  checkout  testing. 

The  locations  of  the  connectors  for  the  heaters  and  the  thermocouples  are 
shown  in  Figure  18,  which  is  the  bottom  view  of  the  flange  with  the  termination 
ring.  The  termination  ring  was  filled  to  a depth  of  approximately  0.2  inch,  just 
to  cover  the  terminal  strips  of  the  heaters  and  the  thermocouples,  with  silicone 
rubber  (RTV  511  with  curing  agent  RTV  9811)  after  preparing  the  surfaces  with 
RTV  bonding  agent  SS-4004.  The  insulation  container  was  under  vacuum  during 
the  pouring  and  curing  of  the  silicone  rubber  to  ensure  that  all  possible  leakage 
passages  into  the  insulation  container  would  be  filled. 

3.5  CHARGING  OF  THE  HEAT  PIPE 

The  charging  of  the  heat  pipe  with  the  working  fluid,  sodium,  was  slightly 
modified  to  improve  on  the  burping  process  (removal  of  dissolved  gases  in  the 
sodium).  The  heat  pipe  was  filled  by  forcing  the  sodium  under  argon  pressure 
into  the  heat  pipe  from  the  calibrated  volume  at  a temperature  of  about  400°F. 
The  heat  pipe  and  the  calibrated  volume  were  then  fully  evacuated,  and  the 
temperature  of  the  heat  pipe  raised  to  550°F.  This  condition  was  maintained 
for  two  days  and  until  no  gas  was  any  longer  released  from  the  sodium  in  the 
heat  pipe.  This  was  ascertained  by  first  closing  the  valve  between  the  heat  pipe 
and  the  calibrated  volume.  After  several  hours  the  valve  between  the  control 
volume  and  the  vacuum  system  was  closed  and  the  valve  between  the  calibrated 
volume  and  the  heat  pipe  opened.  If  a pressure  rise  had  occurred  in  the 
calibrated  volume,  this  would  have  been  an  indication  that  gas  was  still  being 
released  by  the  sodium  in  the  heat  pipe.  The  evacuation  process  would  have  had 
to  be  continued. 
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Thermocouple  #3 


Figure  18.  Locations  of  Heater  and  Temperature  Sensor 
Connectors  (Hi-Cap  TES  Unit  No. 2) 


After  the  initial  gas  removal  had  been  completed,  the  temperature  of  the  heat 
pipe  was  raised  to  the  operating  temperature  with  the  valve  between  the  heat 
pipe  and  the  calibrated  volume  closed.  Upon  reaching  the  operating 
temperature,  the  valve  between  the  vacuum  system  and  the  calibrated  volume 
was  closed.  The  valve  between  the  heat  pipe  and  the  volume  was  opened  for  a 
very  short  time  until  a rapid  temperature  rise  was  indicated  by  the 
thermocouple  located  at  the  tube  connecting  the  heat  pipe  and  the  volume.  This 
increase  in  temperature  was  due  to  the  flow  of  sodium  vapor  which  condenses 
and  gives  off  latent  heat.  Since  a small  pressure  rise  to  0.2  mm  Hg  occurred  in 
the  volume,  indicating  that  some  non-condensable  gas  had  been  transferred 
from  the  heat  pipe,  this  burping  process  was  repeated.  But  with  each  opening  of 
the  heat  pipe  to  the  volume,  some  sodium  was  transferred  as  indicated  by  the 
heating  of  the  volume.  If  the  gas  pressure  in  the  volume  had  not  decreased 
after  successive  burping,  the  sodium,  which  has  been  tansferred  into  the  volume 
would  have  had  to  be  pushed  back  into  the  heat  pipe  under  pressure  after  the 
heat  pipe  has  cooled  down  to  550°F.  The  entire  evacuation  process  would  have 
had  to  be  repeated. 

At  the  end  of  the  burping,  the  volume  was  removed  and  weighed  to  ensure  that 
no  more  than  an  allowable  surplus  of  sodium  had  been  transferred  back  from  the 
heat  pipe.  The  total  amount  of  sodium  that  remained  in  the  heat  pipe  was  10 1 
grams  (100  grams  was  the  design  value). 
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SECTION  IV 

TESTING  OF  HIGH  CAPACITY  VUILLEUMIER  CRYOGENIC 
COOLER  THERMAL  ENERGY  STORAGE  UNIT  NO.  2 

^.1  TEST  CONSIDERATIONS 

The  primary  objective  of  the  testing  of  the  second  thermal  energy  storage  unit 
was  the  determination  of  the  thermal  losses,  the  confirmation  of  the  thermal 
capacity,  and  ascertaining  the  correct  functioning  of  the  heat  pipe.  The  overall 
design  characteristic  for  the  Hi-Cap  TES  unit  had  already  been  established  during 
the  testing  of  the  first  Hi-Cap  TES  unit  which  was  described  in  AFAPLTR-77-65. 

4.2  TEST  SETUP 

The  setup  for  testing  the  second  Hi-Cap  TES  unit  was  the  same  as  for  the  first 
unit,  though  the  number  of  thermocouples  and  their  locations,  as  shown  in  Figure 
17,  was  slightly  different. 

4.3  PERFORMANCE  TESTING 
4.3.1  THERMAL  LOSSES 

The  thermal  losses  from  the  TES  unit  were  determined  by  the  power  input  to  the 
unit  during  steady  state.  The  test  results  are  shown  in  Figure  19.  When  the 
thermal  losses  of  the  two  Hi-Cap  TES  units  are  compared,  the  second  TES  unit  is 
found  to  loose  about  8W  less  at  the  nominal  operating  temperature  of  1250°F 
than  the  first  unit.  This  seems  to  indicate  that  the  conduction  barrier  between 
the  radiation  heat  shield  and  the  end  flange  has  produced  the  desired  decrease  in 
the  heat  loss. 
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4.3.2  THERMAL  CAPACITY 


The  thermal  capacity  of  the  second  Hi-Cap  TES  unit  was  established  by  charging 
and  discharging  the  unit  while  recording  the  temperatures  and  reducing  the  data. 
The  temperatures,  indicated  by  thermocouple  #3,  during  charging  with  an  input 
power  of  = 437W  and  discharging  by  thermal  losses  are  presented  in  Figures 
20  and  21,  respectively.  The  sensible  and  total  latent  heat  released  during  the 
discharge  is  plotted  in  Figure  22  as  a function  of  the  operating  temperature. 
From  Figure  23  it  is  seen  that  the  latent  heat  for  which  the  Hi-Cap  TES  unit  has 
been  designed  is  released  over  a range  of  AT  = 37°F.  The  apparent  thermal 
capacity  as  a function  of  temperature  is  shown  in  Figure  23.  The  results  closely 
agree  with  those  which  were  presented  in  Figures  43  through  46  of  report 
AFAPLTR-77-65  for  the  first  Hi-Cap  TES  unit.  The  behavior  of  the  secor  d Hi- 
Cap  TES  unit  under  high  discharge  rates  is  presented  in  Figures  24  through  27. 
These  data  can  be  compared  with  those  of  Figures  57  through  60  of  report 
AFAPLTR-77-65.  The  temperatures  shown  in  Figure  25  are  almost  identical  with 
those  measured  with  the  first  Hi-Cap  TES  unit,  though  the  discharge  time  at 
which  thermocouple  if 3 drops  from  1305°F  to  1295'^F  is  shorter.  The  reason  for 
th'S  difference  lies  in  the  incomplete  charging  of  the  TES  unit  prior  to  the  start 
of  the  discharge  cycle. 

The  TES  unit  was  charged  with  a total  power  input  of  P^^  = 554.5  watts.  The 
effective  charging  rate  at  the  end  of  the  charging  cycle  is 


where: 

Ptes  = power  into  the  TES  unit 
P^n  = total  electrical  power  to  the  TES  unit 
P^  = power  loss  to  the  environment 
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Temperature  During  Discharge  Figure  22.  Extracted  Energy  (Discharge  By  Thermal 

Losses  only) 


Temperatures  During  Discharge  (Radiation  & Figure  26.  Thermal  Energy  Distribution  During 

Forced  Convection  with  Air  (?  W=0.67  g/sec)  Discharge  (Radiation  & Forced  Con- 

vection with  Air  @ W«=0.67  g/sec) 


At  the  temperature  at  which  the  electrical  power  was  turned  off,  the  thermal 
losses,  Pj^,  were  175.6W  resulting  in  a charging  rate  of  Pj£5  = 378.9W.  At  this 
rate  the  temperature  should  increase  by  6.71°F/minute.  From  Figure  28  it  can 
be  seen  that  the  temperature  changed  only  at  a rate  of  3.01°F/minute  indicating 
that  energy  was  still  being  absorbed  in  the  thermal  storage  material  as  latent 
heat  of  fusion. 

The  incomplete  charging  of  the  TES  unit  becomes  also  obvious  from  the 
discharge  rate  at  the  beginning  of  the  discharge  cycle.  If  the  TES  loses  energy 
only  by  thermal  losses,  the  rate  of  temperature  drop  at  the  beginning  of  the 
discharge  cycle  is  a function  of  the  temperature.  At  a temperature  of  1340°F, 
the  indicated  temperature  of  thermocouple  #3  should  decrease  by  2.96°F/minute. 
The  actual  rate  at  which  the  temperature  decreased  was  5.46°F/minute  as  shown 
in  Figure  28.  This  indicated  that  when  the  external  power  input  was  stopped, 
sensible  heat  was  absorbed  as  latent  heat  of  fusion  by  the  TES  material.  When 
the  TES  unit  was  charged  with  a power  input  of  P-^=  437 W,  the  temperature  as 
indicated  by  thermocouple  //3  had  to  reach  1380°F  in  order  for  the  rate  of 
temperature  increase  to  approach  the  rate  which  indicates  that  all  absorbed 
energy  is  being  stored  as  sensible  heat  in  the  TES  unit  and  that  no  longer  melting 
takes  place.  This  is  shown  in  Figure  20. 

The  effect  of  charging  rate  on  the  temperature  at  which  the  latent  heat  of  the 
thermal  energy  storage  material  is  being  stored  can  be  seen  in  Figure  29. 

The  dependence  of  the  temperature  of  the  TES  unit  at  the  end  of  the  charging 
cycle  on  the  charging  rate  indicates  that  the  heat  transfer  from  the  molten 
material  to  the  solid  material  is  not  infinite.  A finite  heat  transfer  film 
coefficient  exists  which  might  be  a function  of  gravity.  Thus,  a temperature 
differential  must  be  generated  between  the  molten  material  and  the  material 
which  is  still  in  its  solid  state  to  affect  the  heat  flux  required  for  melting. 
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Figure  29.  Effect  of  Charging  Rate  on  Latent  Heat  Absorption 
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CONCLUSIONS 


The  objective  of  this  additional  task  to  the  Thermal  Energy  Storage  Demonstra- 
tion Unit  program  was  the  improvement  of  the  Hi-Cap  Cryogenic  Cooler  Thermal 
Energy  Storage  Unit,  the  fabrication  of  a second  Hi-Cap  TES  unit  and  the 
functional  testing  of  the  unit.  All  changes  in  the  original  design  proved  out  to  be 
improvements.  The  modification  in  the  insulation  resulted  in  the  desired 
decrease  of  the  thermal  losses  by  8W.  With  the  added  conduction  barrier 
between  the  radiation  heat  shield  and  the  mounting  flange,  the  goal  of  limiting 
the  thermal  losses  through  the  insulation  to  only  5 percent  of  the  Hi-Cap 
cryogenic  cooler  hot  cylinder  power  requirement  at  the  nominal  operating 
temperature  of  I250°F  has  now  been  achieved.  The  test  data  indicate  that  the 
second  Hi-Cap  TES  unit  essentially  demonstrates  the  same  performance  as  the 
first  Hi-Cap  TES  unit. 

The  instrumentation  consisting  of  the  three  1/1 6-inch  diameter  Inconel  sheathed 
K calibration  thermocouples  performed  well  and  consistently.  The  modification 
of  the  hot  cylinder,  flange  and  terminal  ring  improved  the  fabrication  of  the 
device  considerably  without  any  detrimental  effects  on  the  performance  of  the 
TES  unit. 


I 

i 

\ 

i 

1 

/ 

i, 

i 

I 

} 

ji 

!■ 

I 

c?' 

V, 


J 


37 

*U.S.Qov«rnm«nt  Printing  Offic*:  1979  — 657-002/540 


